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ZEOLITE DDR MEMBRANES 
PRIOR RELATED APPLICATIONS 
This application is a continuation-in-part of U.S. patent 
application Ser. No. 13/396,411, filed on Feb. 4, 2012, which 
claimed priority to U.S. Provisional Patent Application Ser. 
No. 61/471,238, filed on Apr. 4, 2011 for "Zeolite DDR 
Membranes," each expressly incorporated by reference 
herein in their entirety. 
FEDERALLY SPONSORED RESEARCH 
STATEMENT 
Not applicable. 
FIELD OF THE INVENTION 
New methods for synthesizing DDR zeolite nanocrystals 
(200-2000 nanometers in size) are disclosed using hydrother-
mal secondary growth (seeded growth). By changing the ratio 
of silica to water, the synthesis temperature, and the mineral-
izing agents, the morphology and size of the crystals can be 
manipulated. Specifically, crystals with morphology of hex-
agonal plates, octahedral, and diamond-like plates are dis-
closed. 
Such crystals can be used as seed coatings for DDR mem-
brane growth on various substrates, and for the fabrication of 
mixed matrix membranes, membranes on porous substrates, 
among other uses. Post-treatment with PD MS solution can be 
used to seal membrane defects, if any, and the membranes can 
be used for any small molecule liquid or gas separations, or 
gas storage, catalysis, and the like. 
Resulting membranes also have demonstrated acid stabil-
ity combined with the low H2 S/CH4 and higher COiCH4 
selectivities, indicating a use for selective C02 removal from 
acid gas-loaded natural gas, and possibly the separation of 
other gas pairs in acidic environments. 
BACKGROUND OF THE INVENTION 
The term "zeolite" was originally coined in 1756 by Swed-
ish mineralogist Axel Fredrik Cronstedt, who observed that 
upon rapidly heating the material stilbite, it produced large 
amounts of steam from water that had previously been 
adsorbed into the material. Based on this, he called the mate-
rial zeolite, from the Greek zeo, meaning "boil" and lithos, 
meaning "stone". 
2 
that of small molecules, allowing the use of zeolites to sepa-
rate lightweight gases such as C02 and CH4 . 
The maximum size of a species that can enter the pores of 
a zeolite is controlled by the dimensions of the channels in the 
zeolite. These are conventionally defined by the ring size of 
the aperture, where, for example, the term "8-ring" refers to a 
closed loop that is built from 8 tetrahedrally coordinated 
silicon (or aluminum) atoms and 8 oxygen atoms. The rings 
are not always symmetrical due to a variety of effects, includ-
10 ing strain induced by the bonding between units that are 
needed to produce the overall structure, or coordination of 
some of the oxygen atoms of the rings to cations within the 
structure. Therefore, the pores in many zeolites are not cylin-
drical. The DDR (aka Deca-dodecasil 3R) zeolite of this 
15 invention has an 8-ring pore structure (see FIG. 1). 
Thus, zeolites are widely used in industry for water puri-
fication, as petrochemical production catalysts, and in nuclear 
reprocessing. Their biggest use by volume is in the production 
oflaundry detergents, and they are also used in medicine and 
20 in agriculture. 
In particular, zeolites have been used in two types of 
molecular sieving membranes: mixed matrix membranes and 
pure zeolite membranes. To fabricate a mixed matrix mem-
branes, zeolite crystals are first dispersed in a polymer solu-
25 tion. The dispersion is then cast into a film or spun into a 
tubular hollow fiber. Since the membrane thickness is desired 
to be less than 1 micron, it is necessary to have submicron 
zeolite particles. 
In pure zeolite membrane fabrication, zeolite crystals are 
30 first deposited as a "seed" coating on a porous substrate and 
then grown into a thin continuous layer known as a zeolite 
membrane. The porous substrate provides mechanical stabil-
ity for the membrane. In this approach crystals with submi-
cron size are also preferred because the seed coatings will 
35 then be tightly packed and of high quality. Further, membrane 
thickness is ideally about 0.5-5 µm. 
Among the various zeolite materials, DDR is a pure silica 
(Si02 ) zeolite. The pore system comprises relatively large 
(19-hedral) cages interconnected through 8-ring windows 
40 with aperture approximately 3.6x4.4 A. Due to its relatively 
small pore size, DDR can be used to separate light gases, such 
as C02 (kinetic diameter=3.3 angstroms) from CH4 (diam-
eter=3.8 angstroms). Other advantages of DDR zeolites 
include high thermal stability and chemical resistance due to 
45 the pure silica composition. 
DDR zeolite crystals were first synthesized in 1986 and the 
synthesis was further developed by several researchers. These 
synthesis methods either take a long time (9-25 days) or 
produce very large crystals (20 to 50 micrometers). 
We now know that zeolites are microporous, aluminosili- 50 
cate or silicate minerals. As of November 2010, 194 unique 
zeolite frameworks have been identified (DDR being one of 
them), and over 40 naturally occurring zeolite frameworks are 
known. Some of the more common mineral zeolites are anal-
cime, chabazite, clinoptilolite, heulandite, natrolite, phillip- 55 
site, and stilbite. 
With the exception of a DDR membrane investigated for 
H2/C02 separation by Zheng [21] and a DDR membrane for 
investigation of gas diffusion at high temperature by Kaneza-
shi [22], to date the DD R membranes reported in the literature 
are those synthesized by researchers at NGK Corporation. 
DDR membranes were first reported in 2004 [23] by 
Tomita et al, who used a seeded-growth method [24]. Large 
DDR crystals were first synthesized and ground into smaller 
'seed' particles, which were dispersed on a a-alumina tubular 
support by immersing it into a seed particle suspension. The 
Zeolites have a porous structure that can accommodate a 
wide variety of cations, such as Na+, K+, Ca2 +, Mg2 +, and 
many others. These positive ions are rather loosely held and 
can readily be exchanged for others in a contact solution. 60 seeded tubes were then used to grow a DDR membrane by 
hydrothermal treatment. For equimolar C02/CH4 binary mix-
tures, the C02 selectivity and permeance were only 220 and 
7x10-8 mol/m2.s.Pa (209 GPU) at 301 Kand a feed pressure 
of0.5 MPa. 
The regular pore structure and the ability to vary pore size, 
shape and chemical nature makes zeolites very useful as 
molecular sieves. Depending on their structure and composi-
tion, zeolites can separate molecules based on adsorption 
and/or diffusion of certain molecules preferentially inside the 65 
pores or exclusion of certain molecules based on their size. 
The pore size is typically less than 2 nm and comparable to 
U.S. Pat. No. 6,953,493 and U.S. Pat. No. 7,014,680 by 
NGK Corp. teach the basic method of forming DDR zeolite 
membranes by mixing seed crystal into a growth solution, 
US 8,673,057 B2 
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applying to the porous substrate, and growing a membrane 
thereon by hydrothermal synthesis. The seed crystals used 
therein were produced by grinding to 5 um, and thus do not 
have a regular, repeatable morphology, nor can it enter the 
pores of most porous substrates, thus weakening the resulting 
membrane. Thus, the use of ground material as seed crystals 
is clearly less than optimal. 
4 
the masking polymer, and a surface layer removing step for 
removing the surface layer. After the surface layer removing 
step, a zeolite membrane is formed on the first surface of the 
porous substrate. The seed crystal is again produced by grind-
ing, but is preferably small enough to enter the pores of the 
support. 
However, there is no prior art on the synthesis of nanosized 
(i.e., sub-micron) DDR crystals of uniform shape and size, 
which are critical in fabricating high-quality membranes. In US2009011926, also by NGK Corp., teaches a similar 
method. Here, a 300 nm seed crystal can be either dispersed in 
the growth solution or previously applied to the pores of the 
substrate. However, the seed crystals were prepared by pul-
verizing crystals, and thus although smaller, still suffer from 
the lack of uniform morphology. 
10 
this disclosure, methods for synthesizing nanometer to 
micron size DDR zeolite crystals are described. Not only can 
the size and shape of the DDR crystal be controlled, but the 
synthesis time is significantly shortened. Thus, the methods 
and compositions described herein are a significant improve-
ment on the prior art. Furthermore, membranes made with Himeno et al further investigated the membrane perfor-
mance at higher pressure and with impurities present in the 
feed stream [18]. The membrane had a C02 selectivity and 
permeance of80 and 1.1xl0-7 mol/m2.s.Pa (329 GPU) at 298 
Kand 3 MPa feed pressure. While the permeance ofCH4 was 
not affected by water vapor, the presence of 3% water in the 
gas stream reduced the C02 permeance to halfof that for a dry 20 
feed stream, resulting in a 50% reduction in the COiCH4 
selectivity. Other impurities such as N2 and n-C3H8 had neg-
ligible effects on the performance. 
15 such crystals are much improved over the prior art mem-
branes. 
US2010144512, also by NGK Corp., teaches a method for 
producing a DDR type zeolite membrane by immersing a 25 
porous substrate having a DDR type zeolite seed crystal 
adhered thereon, in growth solution to grow the membrane, 
and a burning step of heating the precursor at 400 DEG C. or 
above and at 550 DEG C. or below to burn and remove the 
1-adamantaneamine contained in the DDR type zeolite mem- 30 
brane. However, as above, the seed crystal is produced by 
grinding and suffers the same disadvantages. 
US2010298115 by NGK offers another method. The 
method forms DDR zeolite membrane containing 1-adaman-
thanamine on a surface of the porous substrate by subjecting 35 
a DDR zeolite to hydrothermal synthesis in the presence of 
DDR zeolite seed crystals, applying a glass paste onto the 
surface of the porous substrate so as to contact the membrane, 
and heating the membrane to bum away the 1-adamantha-
namine contained in the membrane and melting the glass 40 
paste to form a membrane-like glass seal contacting the mem-
brane on the surface of the porous substrate. Again, the seed 
crystals used herein are produced by pulverizing. 
US2011160039 by NGK teach a method including form-
ing a surface layer by attaching a low polar polymer on a first 45 
surface of a porous substrate to cover the surface, a filling step 
for filling a masking polymer into pores in the porous sub-
SUMMARY OF THE INVENTION 
The present invention describes a technique to synthesize 
DDR zeolite crystals with size in the range of <l micron (e.g., 
nano sized) and with control over the morphology and size of 
the crystals. The synthesis is carried out using seed growth 
under hydrothermal conditions with mixing. The raw mate-
rials solution contains organic template 1-Adamantanamine 
(ADA), a silica source such as Ludox AS-30 colloidal silica 
(Si02), Deionized water (DI), and Potassium Fluoride (KF) 
and optionally other cations, such as K+, Na+, Ca2 +, Mg2 + and 
others, can be added to fine tune the zeolites. 
The invention also describes the use of the above made 
crystal to make DDR membranes for use in various applica-
tions, in particular small molecule separations in liquids or 
gases. Post-treatment with PDMS solution to seal membrane 
defects is also shown. 
In a further embodiment, we demonstrated the H2 S stabil-
ity of DDR, thus, the invention has applicability, not only in 
various sieving applications, such as the separation of C02 
and other gases, but has application for selective C02 removal 
from acid gas-loaded natural gas. 
In further detail, submicron DDR crystals of tunable shape 
and size were successfully synthesized and characterized 
with scarming electron microscopy (SEM), dynamic light 
scattering (DLS), X-ray diffraction (XRD), and N2 phys-
isorption. The size of these crystals is tunable in the range of 
300-2000 nm by controlling the silica:water ratio, synthesis 
temperature, and mineralizing agents. This work is summa-
rized in Table 1. 
TABLE 1 
Swnmary of particle size of DDR nanocrvstals with corresponding experimental conditions 
Poly- BET 
Average dispersity Surface Pore Synthesis Conditions 
Crystal Sizet Index Area Volume Time 
Shape (nm) (PD!) (m2/g) (cc/g) T ( 0 C.) H20/Si02 (hrs) Additives 
Octahedron 2000§ llilknown 348.0 0.124 160 40 48 n/a 
Prism 398 0.075 371.6 0.132 160 60 
Octahedron 366 0.034 346.2 0.123 150 60 
Hexagonal 484 0.055 356.3 0.126 150 60 KOH 
Plate 
tHydrodynamic diameter from DLS. 
§Estimated from SEM image only, not from DLS. 
strate from a surface different from the first surface of the 65 
porous substrate up to the surface layer by impregnating the 
porous substrate with the masking polymer and solidifying 
Nanosized crystals were then used to prepare dense seed 
layers on porous ceramic supports. The seeded growth of 
DDR membranes was first optimized on a-alumina disk sup-
US 8,673,057 B2 
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ports and successfully transferred to tubular supports. Mem-
branes on disk supports suffered from crack formation during 
calcination. However, DDR membranes on tubular supports 
did not show significant cracking after calcination, and con-
sistently displayed a COiCH4 selectivity of5-10. However, 
the selectivity could be further improved by a post-treatment 
with polydimethylsiloxane (PDMS) under a pressure differ-
ential. 
The post-treated membranes showed single gas COiCH4 
selectivities of 120-250 at 0.2 MPa and 25° C. while main- 10 
taining a high C02 permeability. Binary C02/CH4 selectivi-
ties of -150 were consistently observed at 25° C. and 0.2 
MPa, and the selectivities leveled off to -40 at higher pres-
sures. The C02 permeance of the post-treated membranes 
was in the range of 60-85 GPU over the region of pressures 15 
investigated. Furthermore, permeation measurements with 
H2 S/CH4 mixtures showed that the post-treated membranes 
maintained low CH4 permeability and remained stable under 
exposure to significant H2 S feed concentrations (-3 .5 vol%). 
Thus, one embodiment of the present invention discloses a 20 
method for preparing DDR membranes on a porous substrate 
by first seeding the porous substrate with seed DDR zeolite 
crystals. These crystals are of uniform structure and size and 
are in the range of200-600 nm. Once seeded, the DDR zeolite 
membrane is grown in an incubator using a growth solution. 25 
This solution is about 6 ADA:lOO Si02 :4000 H2 0:x KF, 
where xis 600-100. The mixture is incubated at 155-165° C. 
6 
This will prevent the PDMS from entering pores under 
vacuum. Thus, PDMS only enters the defects. A 2-20 wt% 
PMDS solution can be used to seal defects. In one embodi-
ment, tubular a-alumina is sealed using a 2-20 wt% PMDS 
solution while a vacuum is applied with the inner bore of the 
porous support. The tubular a-alumina can then be heat 
cured. In another embodiment, tubular a-alumina is sealed in 
a 5% PDMS in n-heptanes sealing step for 5-20 minutes as a 
vacuum is applied to the inner bore of the tubular a-alumina. 
The porous surface can then be cured by heating to 80° C. for 
about 4 hours. 
Other embodiments include using a sealed DDR zeolite 
membrane, regardless of whether the optional calcining is 
performed, to separate mixtures of small molecules. Small 
molecules capable of being separated include, but are not 
limited to C02 , CH4 , N2 , 0 2 , C2H4 , C2H6 , C3H6 , C3H8 . In 
particular, co2 can be separated from a mixture of these small 
molecules. 
The "nanosized" or "nanocrystal" as used herein means 
having an average size of less than 1 micron, e.g., in the 
nanometer sized range, preferably 200-500. 
The term "uniform crystal structure" as used herein means 
that 80% of the crystals have the same shape, preferably 
90-95%, or even 98-99%. Exemplary structures are octahe-
dral, diamond or prismatic, or hexagonal plate, as shown in 
the photographs of FIG. 2. 
The term "uniform size" as used herein means that the for about 12-48 hours. The resulting DDR zeolite membrane 
can, optionally, be calcined at temperatures of 500-700° C. 
for 6-24 hours. Also, any defects in the DDR zeolite mem-
brane can, optionally, be sealed by incubating with a poly-
dimethylsiloxane solution under a pressure differential. The 
resulting DDR zeolite membranes can be washed after the 
incubation periods. 
crystal have the same size plus or minus 20%, preferably 
30 +/-10%, more preferred +/-5%. 
Many different porous supports can be seeded by DDR 35 
zeolite crystals. Either organic or inorganic porous supports 
are feasible as long as the porosity is between 10 and 60% and 
the pores sizes are 200-500 nm. 
The use of the word "a" or "an" when used in conjunction 
with the term "comprising" in the claims or the specification 
means one or more than one, unless the context dictates 
otherwise. 
The term "about" means the stated value plus or minus the 
margin of error of measurement or plus or minus 10% if no 
method of measurement is indicated. 
The use of the term "or" in the claims is used to mean In one embodiment, the porous support can be a-alumina. 
In particular, tubular a-alumina having a porosity of 10-50% 
and a pore size of 100-400 nm is a possible porous support. In 
yet another variation, tubular a-alumina with a porosity of 
30% and a pore size of 100-400 nm can be used. 
40 "and/or" unless explicitly indicated to refer to alternatives 
only or ifthe alternatives are mutually exclusive. 
Additional porous support include, but is not limited to, 
polypropylene, polyethylene, polytetrafluoroethylene, 45 
polysulphone, polyimide, silica, alpha-alumina, gamma-alu-
mina, mullite, zirconia, titania, yttria, silicon nitride, silicon 
carbide, iron, bronze and stainless steel, glass, and carbon. 
When calcining the DDR zeolite membrane, temperatures 
of 500-700° C. for 6-24 hours work well. More particularly, 50 
the DDR zeolite membranes can be calcined at 700° C. for 8 
hours. 
When choosing the PDMS solution, the PMDS must have 
a kinetic diameter larger than the pores on the porous support. 
The terms "comprise", "have", "include" and "contain" 
(and their variants) are open-ended linking verbs and allow 
the addition of other elements when used in a claim. 
The phrase "consisting of' is a closed linking verb, and 
does not allow the inclusion of other elements. 
The phrase "consisting essentially of' occupies a middle 
ground, and does not allow the inclusion of other material 
elements, but allows the inclusion of non-material elements 
that do not materially change the invention, such as different 
buffers, salts, drying steps, rinsing steps, re-precipitation 
steps, post-synthesis steps, and the like. 
The following abbreviations are used herein: 
ADA 1-Adamantanamine 
BET surface area BET theory aims to explain the physical adsorption of gas molecules on a 
solid surface and serves as the basis for the measurement of the specific 
surface area of a material. In 1938, Stephen Brunauer, Paul Hugh Emmett, 
and Edward Teller published an article about the BET theory in a journal 
for the first time; "BET" consists of the first initials of their family names. 
Methods of calculating same are provided in the literature (e.g., 
DDR 
DI 
DLS 
en.wikipedia.org/wiki/BET_theory) 
Refers to a type of silica zeolite with an 8 ring structure, as shown in FIG. 1. 
Deionized water 
Dynamic light scattering 
US 8,673,057 B2 
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-continued 
GPU gas permeation unit (cm2 · s ·cm of Hg) X ~ 3.348 x 10-10 mol/m2 · s ·Pa) at 295 
K and 224 kPa pressure differential 
Hour(s) 
Potassium Fluoride 
Potassium hydroxide 
HR 
KF 
KOH 
PD! Polydisperity index-a measure of the distribution of molecular mass in a 
given polymeric sample. The PD! calculated is the weight average 
molecular weight divided by the number average molecular weight. It 
indicates the distribution of individual molecular masses in a batch of 
polymers. The PD! has a value equal to or greater than 1, but as the 
polymer chains approach uniform chain length, the PD! approaches unity. 
PDI was measured herein by DLS, which gives the size distribution, from 
which we get the average size and PD!. 
PDMS 
psia 
seem 
SEM 
Si02 
XRD 
Polydimethylsiloxane 
pounds per square inch absolute 
standard cubic centimeter per minute 
Scanning electron micrograph 
Silica, source Ludox AS-30 colloidal silica 
X-Ray Diffraction 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1. DDR zeolite structure. 
FIG. 2. SEM micrograph of various DDR zeolite crystals 
of various sizes and morphologies. FIG. 2(a) micron-size 
octahedral, (b) prismatic, ( c) submicron octahedral, and ( d) 
hexagonal plate, and ( e) Indexed XRD pattern of DDR crys-
tals. 
FIG. 3. Seeding of a-alumina disks and synthesis ofDDR 
membranes: (a) Surface of uncoated support, (b) support 
coated with366 nm DDR seed crystals, ( c) top view of typical 
DDR membrane, ( d)-(g) cross-section views of DDR mem-
branes synthesized with H20/Si02 ratio of 20, 40, 100, and 
120, respectively, and (h) XRD pattern ofrepresentative DD R 
membrane. 
FIG. 4. Characterization of calcined DDR membranes on 
a-alumina disk supports: (a) SEM micrograph of top view of 
membrane calcined at 500° C., (b) top view, and ( c) cross-
section view of calcined membrane via confocal fluorescence 
microscopy. 
FIG. 5. (a) Top view and (b) cross-section view of DDR 
membrane on a tubular a-alumina support calcined at 700° 
C.; and (c) aluminum and silicon distribution in the cross 
section of the membrane via EDX analysis. 
20 cations. This is mixed for a period of time and then seed 
crystals are added to said mixture. While continuing to mix, 
the mixture is heated at 100-200° C. for 4-72 hours to make 
DD R zeolite crystals of 200-2000 nm. If needed for the appli-
25 cation, the crystals can be washed and further calcined to 
remove the ADA. 
In preferred embodiments, the mixture comprises x ADA: 
100 Si02:y KF:z H20:m KOH, wherein xis between 6 and 
50, y is between 50 and 100, z is between 2000 and 14000, and 
30 mis between 0 to 2. Further preferred embodiments include, 
initial mixing between 30 minutes and 6 hours; temperatures 
of 130-160° C.; heating time between 6 hour and 12 hours. 
The invention also includes the various DDR zeolite crys-
tals made according to the above methods, including crystals 
35 having the following characteristics: a) size in the range of 
200 to 2000 nm, b) a morphology selected from the groups 
consisting of diamond-like, octahedron, or hexagonal plate, 
c) a BET surface area in the range of 340 m2/g to 380 m2/g 
and d) a pore volume from 0 .123 to 0 .13 2 ml/ g. Also invented 
40 are crystals being octahedral of 1000-4000 nm, diamond plate 
of 200-500 nm, octahedral of 200-500 nm and hexagonal 
plates, preferably of 200-500 nm. The sizes provided herein 
are average sizes, and preferably are ±20% and more prefer-
ably ±10% or 5%. 
FIG. 6. Temperature and pressure dependence of single- 45 
gas permeation through tubular DDR membranes before 
post-treatment. The lines are a guide to the eye. 
The nano sized crystals can be used as seed crystals to grow 
DDR zeolite membranes on any porous support surface. Seed 
crystals can be added separately to the porous support, e.g., in 
a solvent that wets the porous support and will therefor enter 
the pores of the support. Alternatively, the seed crystals can be 
FIG. 7. Top view of the DDR membrane after post-treat-
ment with PDMS. 
FIG. 8. Temperature and pressure dependence of single-
gas permeation in PD MS-treated DDR membranes. 
FIG. 9. Permeances ofC02 and CH4 , and C02/CH4 selec-
tivity at 25° C., with a 50/50binary feed mixture as a function 
of pressure. 
50 drawn into said pores by a pressure differential, e.g., applying 
a vacuum to a disk or end-sealed tubular support. As yet 
another alternative, the seed crystals can be suspended in the 
crystal growth solution, and the porous support immersed 
therein. 
FIG. 10. Permeances ofH2 S and CH4 , and H2 S/CH4 selec- 55 
tivity, at 25-75° C., with a 3.5/96.5 binary feed mixture as a 
function of pressure. Representative error bars are shown for 
selected measurements. 
Porous supports can be organic or inorganic. Organic sup-
ports include polymers such as polypropylene, polyethylene, 
polytetrafluoroethylene, polysulphone, polyimide and the 
like. Inorganic supports include a ceramic sintered body such 
as silica, alpha-alumina, gamma-alumina, mullite, zirconia, FIG.11. Schematic diagram of gas permeation setup. 
DESCRIPTION OF EMBODIMENTS OF THE 
INVENTION 
Generally speaking, a method of making DDRzeolite crys-
tals is provided, wherein the method comprises combining 
1-adamantanamine ("ADA"), deionized water, a silica 
source, potassium fluoride ("KF"), and optionally a source of 
60 titania, yttria, silicon nitride and silicon carbide, a sintered 
metal such as iron, bronze and stainless steel, glass, and a 
carbon molding. 
The support preferably has an average pore diameter of 
0.05 µm-10 µm, in particular 0.1 µm-2 µm, and a porosity of 
65 10% to 60%, preferably 30% to 50%. The porosity or degree 
of porosity is understood to be the ratio of the pore volume to 
the total volume of the support structure. Smaller pore diam-
US 8,673,057 B2 
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eters than 0.05 µm are less suitable due to the insufficient 
permeation flow rates. A porosity of less than 10% also pro-
duces a large reduction in the permeation flow rate. If the pore 
diameter is larger than 10 µma decrease in selectivity may 
occur. A porosity of higher than 60% also results in a decrease 
in selectivity and in the strength of the material. 0.1-0.5, or 
0.2-0.3 µm (200-300 nm) may be ideal for certain applica-
tions, such as C02 separations. 
10 
the low solubility of ADA in water, the mixture was really 
only partially solubilized and much remained as a suspension 
of ADA in water. Silica was then added to the suspension and 
mixed. After mixing the suspension for 5-10 minutes, KF was 
added to the suspension. The mixture was further mixed at 
room temperature for 2 hours. 
Next, 30 grams of the mixture was poured into an autoclave 
with a Teflon liner of 45 ml. Then 5-10 grams of seed crystals 
were added to the autoclave. The autoclave was then sealed 
10 and heated to 160° C. inside an oven. The reaction was main-
tained for 48 hours. The autoclaves were then cooled to room 
temperature. The crystals were collected and washed with DI 
water and centrifuged for several times. Some of the crystals 
were calcined at 700° C. for 8 hours to remove the organic 
The porous support is not subject to any limitations regard-
ing its overall shape or geometry. An advantageous geometry 
for separation applications consists of tubes or cylinders of a 
length of 10-100 cm and having an external diameter of at 
least 10 mm and a tube thickness of at least 0.2 mm to several 
millimeters. The zeolite layer can be applied to the internal 
and/or external surface of the tubular support structure, and 
preferably to the external surface. The porous structure can 
also be a cylindrical structure having an external diameter of 
30-100 mm and a length of 20-100 cm and a large number of 
longitudinal channels with diameters of 2-12 mm. However, 
disks, plates, beads, honeycomb structures, and the like may 20 
be suitable in certain applications. 
The DDR membrane can be made in any known way, 
including dip coating, and the like, but a preferred method is 
hydrothermal synthesis, wherein the porous support is placed 
in a crystal growth solution for a period of time and heat 
applied, such that crystals are grown thereon. 
A crystal growth solution can be about 5-15 ADA, 50-150 
Si02 , 3000-5000 H20 and 50-120 KF. A particularly pre-
ferred solution is 6ADA:100 Si02 :4000 H2 0:x KF, wherein 
x=60-100. 
Preferred temperatures are 100-200° C., preferably about 
150-170, or 160° C., and deposition time can be increased to 
increase the thickness of the membrane, as needed, typically 
from 0.1 µm to 100 µm, preferably 0.5-5 µm. 
In addition to changing the crystal growth time and tem-
perature, thickness of the membrane can be modified by 
changing the H20/Si02 ratio. Thickness can be reduced from 
more than 10 µm down to 2-3 µm, by increasing the H20/Si02 
ratio from 20-120. A further increase in H20/Si02 ratio led to 
a non-uniform membrane coverage and large defect areas. 
The resulting membrane can be modified as desired to tune 
the membrane, e.g., by chemical vapor deposition, or by 
exchanging cations or anions therein, by calcining, washing, 
chemical modification of hydroxyl groups, or any other 
method. 
One preferred post-membrane modification is treatment 
with a polymer that is larger than the pore size under a pres-
sure differential, such that the polymer seals any defects 
without damaging the pore structure. One such polymer can 
15 template ADA. 
DiamondDDR 
Next we synthesized a DDR crystal with diamond-like 
morphology and approximate 500x250 nanometer size. Gen-
eral speaking, decreasing the time of the heat treatment unex-
pectedly changed the morphology and reduced the size. 
In a typical synthesis, a mixture of ADA, Silica, KF and DI 
25 was made with the molar ratio of 6:100:50:10000. ADA was 
first dissolved in DI water. Due to the low solubility of ADA 
in water, the mixture was actually a partial suspension of 
ADA in water. Silica was then added to the suspension and 
mixed. After mixing the suspension for 5-10 minutes, KF was 
30 added to the suspension. The mixture was further mixed at 
room temperature for 2 hours. 
After the mixture was prepared, 30 grams of the mixture 
was poured into an autoclave with a Teflon liner of 45 ml. 5 to 
35 10 grams of seed crystals were added to the autoclave. The 
autoclave was then sealed and heated up to 160° C. inside an 
oven. The reaction was maintained for 8 hours. The auto-
claves were then cooled to room temperature. The crystals 
were collected and washed with DI water and centrifuged for 
40 several times. Some of the crystals were calcined at 700° C. 
for 8 hours to remove the organic template ADA. 
45 
Octhedral DDR 
Next DDR crystals with octahedron morphology and 
approximately 300 nanometer size were synthesized. Gener-
ally, lowering the temperature and heating time reduced crys-
tal size. 
be PDMS, but any suitable polymer, such as organosilicon 50 
polymers, such as polymeric polysiloxanes, can be used, 
depending on the ultimate application of the membrane. For 
example, if the membrane is to be use for small molecule 
separations in an acidic environment, the polymer chosen 
should be stable to acid. Likewise, the polymer should be 55 
suitable for the temperatures of use. 
In a typical synthesis, a mixture of ADA, Silica, KF and DI 
was made with the molar ratio of 6:100:50:10000. ADA was 
first dissolved/suspended in DI water. Silica was then added 
to the suspension and mixed. After mixing the suspension for 
5-10 minutes, KF was added to the suspension. The mixture 
was further mixed at room temperature for 2 hours. 
After the mixture was prepared, 30 grams of the mixture 
was poured into an autoclave with a Teflon liner of 45 ml. 5 to 
10 grams of seed crystals were added to the autoclave. The 
autoclave was then sealed and heated up inside an oven. To 
The following detailed descriptions are illustrative only, 
and are not intended to unduly limit the scope of the inven-
tion. 
SeedDDR 
60 synthesize nanometer sized octahedral DDR nanocrystals, 
the temperature should be controlled less than or equal to 
150° C. The reaction was maintained for 6 hours with rota-
tional mixing. The autoclaves were then cooled to room tem-Large DDR crystals with octahedron morphology and 
approximate 2-micron size were synthesized first for use as 
seed crystals and for comparative purposes. A mixture of 65 
ADA, Silica, KF and DI was made with the molar ratio of 
6:100:50:8000. ADA was first dissolved in DI water. Due to 
perature. The crystals were collected and washed with DI 
water and centrifuged for several times. Some of the crystals 
were calcined at 700° C. for 8 hours to remove the organic 
template ADA. 
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Hexagonal DDR 
Next, we synthesized a DDR crystal with hexagonal plate 
morphology and about 500 nanometer size. Adding KOH 
surprisingly changed the crystal structure from octahedral to 
hexagonal plate. 
To synthesize hexagonal plate DDR nanocrystals, a mix-
ture of ADA, Silica, KF and DI was made with the molar ratio 
of 6:100:50:10000. ADA was first dissolved in DI water. 
Silica was then added to the suspension and mixed. After 
mixing the suspension for 5-10 minutes, KF was added to the 
suspension. 0.28 grams KOH were added to the mixture after 
adding KF. The mixture was mixed at room temperature for 2 
hours. 
After the mixture was prepared, 30 grams of the mixture 
were poured into an autoclave with a Teflon liner of 45 ml. 5 
to 10 grams of seed crystals were added to the autoclave. The 
autoclave was then sealed and heated up inside an oven. The 
temperature was set at 150° C. and the chambers rotationally 
mixed, as above. The reaction was maintained for 6 hours. 
The autoclaves were then cooled to room temperature. The 
crystals were collected and washed with DI water and centri-
fuged for several times. Some of the crystals were calcined at 
700° C. for 8 hours to remove the organic template ADA. 
DDR Membranes 
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brane are much smaller than those in polymer membranes and 
thus require a much larger driving force for the PDMS to 
successfully penetrate and seal the defects. In contrast, appli-
cation of Husain's method "as is" did not work. 
A 5 wt% PDMS solution in n-heptanes was heated at 90° 
C. for -4 hours. The zeolite-coated exterior surface of the 
a-alumina tube was immersed inside the PDMS solution for 
10 minutes, while a vacuum was applied from the inner bore 
of the tube. The post-treated membrane was cured in an oven 
10 at 80° C. for 4 hours. 
Characterization 
The DDR crystals or membranes were characterized by 
15 SEM (LEO 1550), dynamic light scattering (DLS, MALV-
ERN ZETASIZER NANO ZS90), N2 physisorption (MI-
CROMERITICS TRISTAR 3020), XRD (PANALYTICAL 
X'PERT PRO, Cu Ka radiation), and confocal fluorescence 
microscopy (ZEISS LSM 510 VIS). Prior to N2 physisorp-
20 tion, the crystals were degassed at 150° C. for 12 hours, and 
the BET surface area was obtained from the physisorption 
data in the p/pO range of0.05-0.1. The XRD scanning range 
was 5-20° 28 with a scanning step of0.02°. For fluorescence 
characterization, the membranes were contacted with 0.1 N 
25 fluoresin dye solution in a home-made diffusion cell [31]. 
After 24 hours of impregnation of the dye, the membrane was 
taken out the cell, rinsed with DI water, and dried with tissue. 
The C02 and CH4 gas permeation properties of the DDR 
membranes were characterized with the permeation appara-
30 tus shown in FIG. 11. Disk membranes were sealed in a 
DDR membrane synthesis variations were initially per-
formed on porous a-alumina disks, prepared in-house by a 
previously reported procedure [30]. The disks were then dip-
coated with the seed crystals. A Teflon disk holder was fab-
ricated and used to hold the seeded disk vertically in the 
Teflon-lined autoclave. A hydrothermal synthesis mixture 
with molar composition 9 ADA:lOO Si02 :4000 H2 0:80 KF 
was prepared and carefully transferred into the reactor. The 35 
reactor was placed in an oven and heated at 160° C. for 
various times. The reactor was then cooled down to room 
temperature, and the membrane was washed with DI water 
and dried in an oven at 60° C. for 1 day before characteriza-
tion. 
membrane cell with VITON 0-rings on both sides, leaving a 
permeation area of7.85x10-5 m2 . For tube membranes, one 
end was bonded with epoxy to a Swagelok tube connection 
and the other end was then sealed with epoxy to create a 
dead-end geometry on the inner (bore) side, leaving a perme-
ation area of 1.38x10-3 m2 . 
The feed stream was introduced on the external side. The 
pressures of feed and permeate streams were recorded with an 
OMEGA PX309 pressure transducer. The membrane perme-
40 ation cell was placed inside a temperature-controlled oven. 
The synthesis recipe, synthesis time, and temperature were 
then optimized in detail to obtain the best conditions from 
which thin and continuous membranes could be synthesized. 
The final synthesis conditions obtained by experimentation 
on a-alumina disks are the following: molar composition of 6 
ADA: 100 Si02 :4000 H2 0:x KF, where x=60-l 00, a tempera-
ture of 160° C., and a synthesis time of36 hours. 
The optimized conditions were then used to synthesize 
membranes on the exterior surface of tubular a-alumina sup-
ports, which were obtained from CERAMCO INC. (Center 
Conway, N.H.). Each tube had a porosity of30% and a pore 
size of200-300 nm. The seeding procedure was similar to that 
used for the disks. Both ends of the tube were sealed with 
Teflon tape. After 3 cycles of seed layer coating, the tube 
supports were hydrothermally treated to grow the membrane 
layer. The membranes were calcined at 500° C. (disk mem-
branes) and 700° C. (tubular membranes) for 8 hours. The 
heating and cooling ramp rates were 0.1° C./min and 0.2° 
C./min, respectively. 
A polydimethylsiloxane (PDMS) post-treatment method 
was developed, based on a preliminary report by Husain on 
the sealing of pin-holes in polymeric membranes [32], but 
modified to greatly increase the driving force for penetration 
of the PDMS into the DDR membrane defects. The most 
During the permeation experiment, the feed pressure was 
maintained constant. The permeate side was vacuumed. 
When a steady state was reached, the vacuum pump was 
isolated and the permeate stream was collected in the down-
45 stream volume Vl (FIG. 1). The rise in permeate pressure 
with time was recorded with an OMEGA QDAQ data acqui-
sition module. The total gas flux was then calculated using the 
slope of the pressure-time plot. For binary measurements, the 
composition of the permeate stream was also analyzed by a 
50 gas chromatograph (Shimadzu 2014) equipped with a 
HayeSep N colunm. 
The H2 S and CH4 mixed-gas permeation properties of the 
DD R membranes were characterized with a permeation appa-
ratus similar in design to the apparatus shown in FIG. 11. The 
55 feed stream of -3.5 vol% H2 S and -96.5 vol% CH4 was 
introduced with Brooks mass flow controllers. The pressures 
of feed and permeate streams were controlled and recorded by 
Brooks pressure controllers. The membrane permeation cell 
was placed inside a temperature-controlled oven. During the 
60 permeation experiment, the feed pressure was set at the 
desired value, the permeate side was controlled at 10 psig, and 
the differential pressure was measured by a Rosemount dif-
ferential pressure gauge. The composition of the permeate or 
important difference in our method are that we apply a 65 
vacuum on the inner bore of the membrane tube. This is 
retentate stream was analyzed by routing it to a gas chromato-
graph (AGILENT 3000A MICRO GC) equipped with an 
AGILENT MOLSIEVE SA column for CH4 measurement 
important, because the defects/pinholes in the DDR mem- and an Agilent HP-Plot U colunm for H2 S measurement. For 
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the permeate stream, a carrier gas stream of 20 seem He was 
used to augment the flow of gas to the GC. When a steady state 
was reached, the permeate or retentate flow rate was mea-
sured by routing the flow through a Ritter wet test meter and 
measuring for a fixed amount of time ( 60 and 15 min, respec-
tively). 
Results 
14 
thereby improve the mechanical integrity of the membrane 
and its resistance to crack formation. The RTP-treated mem-
branes were then calcined using conventional conditions. 
Membranes with RTP treatment showed a high p-xylene 
selectivity over a-xylene. Depending on the membrane thick-
ness, RTP could even be used in a single step to remove the 
SDA from an MFI membrane [3 7]. However, we found that a 
range of RTP treatments of DDR membranes produced no 
improvement in resistance to crack formation during calcina-
10 tion. It is believed that no significant condensation of silanol 
groups occurred at the grain boundaries of the polycrystalline 
DDR membrane during RTP treatment, unlike the case of 
MFI membranes. 
FIG. 2a shows an example of micron-size DDR crystals, 
whereas FIG. 2b-2d show SEM images of different types of 
submicron DDR crystals. By varying the reactant concentra-
tion, temperature, additives, and synthesis time, uniform 
DDR particles with morphologies corresponding to prisms, 
octahedra, and hexagonal plates are obtained. The particle 15 
sizes vary from 300-500 nm as measured by DLS and verified 
by SEM. The XRD patterns of the DD R crystals (FIG. 2e) and 
their BET surface areas and pore volumes verify their high 
crystallinities and porosities. 
Zeolite membranes on tubular supports have greater tech-
nological significance than membranes on disk supports, 
since they can be scaled-up into shell-and-tube membrane 
modules. Thus, the DDR membrane synthesis procedure 
optimized on disk supports was successfully transferred to 
tubular a-alumina supports. FIG. Sa-Sb show a top-view and 
cross-section view of the DDR membrane grown on the tubu-
lar support. The membranes were well-intergrown and 2-3 
µm thin. 
However, the interface between the DDR layer and the 
alumina support was not as sharp as that observed on disk 
supports. Indeed, compositional analysis of the cross-section 
by EDX showed that silicon and aluminum were both present 
in a -2.5 µm interfacial region (FIG. Sc). 
Interestingly, the tubular DDR membranes did not develop 
cracks even at high calcination temperatures of700° C. (FIG. 
The membrane synthesis using the nano sized crystals from 20 
above was first optimized on home-made porous a-alumina 
disk supports. FIG. 3a shows the surface of a a-alumina 
support disk, and FIG. 3b shows a uniform coating of366 nm 
DDR seed crystals (see FIG. 2c) on these supports. DDR 
membranes grown at varying conditions from these seed lay- 25 
ers are shown in FIG. 3c-3g. FIG. 3c is the top view of a 
typical membrane before calcination. Continuous, crack-
free, and well-intergrown membranes are observed. FIG. 
3d-3g show cross-section views of DDR membranes grown 
from the seed layers on the top of the support disk. 
By changing the H20/Si02 ratio in the precursor solution, 
membranes with different thicknesses can be synthesized. 
FIG. 3d-3g show that the membrane thickness can be reduced 
from more than 10 µm down to 2-3 µm, by increasing the 
H20/Si02 ratio from 20-120. A further increase in H20/Si02 35 
ratio led to a non-uniform membrane coverage and large 
defect areas. 
30 Sa). There are two likely reasons for this phenomenon: firstly, 
the mechanical strength of the membrane and its adhesion to 
the support was enhanced due to some penetration of the 
membrane layer into the tubular support, unlike the case of 
the disk support; and secondly, due to the cylindrical geom-
etry, there may occur a cancellation of the differential thermal 
expansion along the circumference of the tube. Previous 
reports have suggested that the penetration of the membrane 
layer into the porous support can be beneficial to the mechani-
cal integrity and performance of the membrane [37-39]. 
Single-component permeation ofC02 , N2 , CH4 , and SF6 
through the tubular membranes was measured as a function of 
temperature and pressure (FIG. 6). For consistency with the 
polymeric membrane literature, the permeances are 
expressed only in GPUs (gas permeation units, 
GPU=3.348x10-10 mol·m-2.s-l ·Pa-l). 
The C02/CH4 ideal selectivity was -6, which is much 
lower than expected in DDR. The CH4/SF 6 selectivity (3.2) is 
only slightly higher than the Knudsen selectivity (3.02), 
thereby suggesting the presence of mesoscopic defects such 
as pinholes. Since SF6 (kinetic diameter -0.55 nm) is much 
too large to enter the DDR pores at low and moderate pres-
sures, its permeance is almost entirely through Knudsen flow 
and (potentially) viscous flow through the defects. 
A typical XRD pattern of the DDR membranes is shown in 
FIG. 3h, showing its high crystallinity and essentially random 
crystal orientation (compare with FIG. 2e). The N2 perme- 40 
abilities through the uncalcined membranes were typically 
about 0.02 Barrer at 25° C., indicating that the membranes 
were free oflarge defective areas. However, FIG. 4a shows an 
SEM micrograph of the DDR membrane after calcination at 
500° C. Cracks can be clearly observed throughout the mem- 45 
brane surface, thereby rendering the calcined membrane 
unselective in gas permeation. Fluorescence confocal micros-
copy further confirmed that the cracks propagated through the 
entire membrane layer, as shown in FIG. 4b-4c. The cracks 
are probably formed due to the difference in thermal expan- 50 
sion between the membrane and the a-alumina support, 
which leads to an unconstrained stress acting on the planar 
support surface. Efforts to eliminate the cracks by lowering 
the calcination temperature or altering the heat-up/cool-down 
rate during the calcination process were not successful. 
The Knudsen permeance (Pm,Kn) is independent of pres-
55 sure, whereas the viscous permeance (Pm, vis) is a function of 
pressure, as shown in Equation (1): In order to minimize the formation of cracks in zeolite 
membranes, several controlled calcination techniques have 
been developed [34-36]. Kuhn reported the use of ozone in 
the calcination ofDDR crystals [36]. The low concentration 
of ozone at higher temperatures makes this technique inef-
fective in removing the SDA completely from the zeolite 
pores. 
More recently, a rapid thermal processing (RTP) method 
has been reported to remove the SDA from zeolite MFI mem-
branes [10]. It was postulated that silanol (Si-OH) groups at 65 
the grain boundaries of the polycrystalline membrane can be 
condensed by RTP treatment to form Si-0-Si bonds, and 
(1) 
where Kcp and vcp are the fractional surface areas for Knud-
sen diffusion and viscous flow, respectively; rK and rv are the 
pore sizes for defects admitting Knudsen and viscous flow, 
respectively; ri is the gas viscosity; and L is the membrane 
thickness. We can decouple the Knudsen and viscous flow by 
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plotting total permeance (Ptot) against the average pressure 
(Pave), (the average of the feed and permeate-side pressures). 
As shown in FIG. 6d, a linear dependence is seen. The inter-
cept and slope yield the Knudsen and viscous flow contribu-
tions. In this manner, it was found that almost 95% of the SF 6 
permeance was due to Knudsen diffusion, and that the con-
tribution of viscous flow was negligible. Therefore, there are 
no large pin-hole defects in the membrane. 
The Knudsen selectivity was calculated for other gases 
with Equation (2): 
aKn,gas!SF6=VMsF6/Mgas (2) 
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impregnation of the defects with PDMS, but leaving the zeo-
lite pores largely unaffected. As shown in FIG. 7, the overall 
appearance of the DDR membrane surface was unchanged 
after the PDMS treatment, and there was no significant coat-
ing of PDMS on the membrane surface. 
The single-component gas permeation properties of the 
PD MS-treated membranes are shown in FIG. 8. The tempera-
ture and pressure dependences show significant changes from 
FIG. 6, clearly indicating that transport in the zeolite is con-
10 trolled by diffusion and adsorption (after PDMS treatment). 
where M is the molecular weight. Estimates based on 
Equation (1) showed that forCH4 , N2 , andC02 , the Knudsen 
permeance was respectively 90%, 60%, and 10% of the total 15 
permeance. This fully explains the low C02/CH4 selectivity 
(5-10) of the membranes. The co2 mainly permeates through 
the DDR pores, in which it is much more preferentially 
adsorbed over CH4 and N2 [19, 25]. As the feed pressure 
increases, adsorption of C02 in the zeolite saturates and its 20 
permeance decreases. The other gases are not strongly 
adsorbed in DDR and their permeances are controlled by 
diffusion through the defects. 
Although a small amount of permeation will still occur 
through the PDMS-plugged defects, it is orders of magnitude 
smaller than viscous or Knudsen flow through the open 
defects. 
Compared to the defective membrane, the permeance of 
CH4 in the PDMS-treated membrane is about 2 orders of 
magnitude lower than for the untreated membrane, whereas 
the permeance ofC02 remains at the same order of magni-
tude. After PDMS treatment, the CH4 /SF 6 selectivity is about 
3.5, slightly higher than that from the untreated membranes 
and close to both the Knudsen selectivity as well as the 
CH4/SF 6 selectivity through PDMS (-5). Therefore, the per-
meance of gases such as CH4 is predominantly through 
PDMS-filled defects. On the other hand, the permeance of 
C02 is mainly through the zeolite and is relatively unaffected 
by the PDMS treatment. 
Thus, sealing the defects results in a reproducible, high 
COiCH4 selectivity (FIG. 8) without a significant drop in the 
flux. The data in FIG. 8 are representative of 6 membrane 
By subtracting the permeance contribution of the defects, 
we can estimate the intrinsic permeance of the different gases 25 
through the zeolite membrane and thereby the expected selec-
tivity in a "defect-free" membrane. The intrinsic COiCH4 
ideal selectivity was estimated to be at least 40, suggesting 
that the membranes would have high selectivity if the defects 
could be sealed by an appropriate post-treatment. 30 samples fabricated, which all show similar behavior. Due to 
the large 'kinetic diameter' of the PDMS used in this work 
(-0.8 nm) [ 43], the possibility of significant PDMS penetra-
tion into the zeolitic pores can be excluded. 
To improve the performance of membranes containing 
mesoscopic defects, one must selectively seal these defects, 
whilst leaving the zeolitic pores unaffected. Several methods 
have been used to treat defective membranes. 
Yan et al. used a coking method to treat a MFI membrane 
for n-butane/i-butane separation [40]. The membrane was 
impregnated with 1,3,5-triisopropylbenzene (TIPB) for 24 
hours and subsequently calcined at 500° C. to pyrolyze TIPB. 
The size ofTIPB (0.84 nm) is larger than the pore size ofMFI 
and it only enters the defects. The selectivity of the membrane 
increased from 9 to 322. 
Zhang et al. recently reported a similar approach to treat 
SAP0-34 membranes for gas separation [ 41]. The membrane 
was soaked in ~-cyclodextrin (CD) and dried at 200° C. The 
C02/CH4 selectivity was increased by 150%. 
Nairet al. used a silica sol-gel method to seal the defects in 
an MFI membrane [31]. The treated membrane showed an 
increase in p-xylene/o-xylene selectivity from 1 to -100. 
Matsuda et al. coated a silicone rubber on an MFI mem-
brane forpervaporative separation of ethanol from water [ 42]. 
The ethanol selectivity increased from 51to125. 
Chiu et al. used PDMS to improve the performance of silica 
and zeolite Y membranes [ 43], by forming a PDMS layer on 
top of the membrane. The selectivity for an equimolar C02 / 
N2 gas mixture increased from 1.5 to 835, buttheC02 andN2 
permeances decreased by two orders of magnitude. 
Although the above methods could potentially be used to 
treat the defective DDR membranes, they involve additional 
coating or calcination steps, and may also lead to significant 
blockage of the zeolite pores. Thus, a simpler, one step 
method was desired. 
Therefore, the DDR membranes on tubular supports were 
treated with a PDMS solution under a pressure differential, as 
described above. The procedure is performed on an 
assembled membrane module in situ, and does not require 
further high-temperature processing. The use of vacuum 
across the membrane is hypothesized to allow selective 
FIG. 9 shows COiCH4 binary permeation data from two 
35 different treated DDR membranes, for a 50/50 mo! % gas 
mixture at 25° C. Both the selectivity and permeance in 
binary permeation show trends similar to those observed in 
single-gas permeation. The C02 permeance decreases with 
increased pressure because of adsorption saturation at higher 
40 pressures. The CH4 permeance increases with pressure and 
approaches a plateau, since CH4 adsorbs weakly in DDR. The 
membranes show higher selectivity than in single gas perme-
ation primarily due to the preferred adsorption of C02 over 
CH4 . Due to the opposite trends in the C02 and CH4 per-
45 meances with increasing pressure, the COiCH4 selectivity 
decreases with increasing pressure and level off at -40 at 180 
psia. More detailed measurements at higher pressures are 
required in order to fully quantify the selectivity of DDR 
membranes at high pressures, which may be a significant 
50 factor in applications to natural gas separations at these con-
ditions. 
FIG. 10 shows H2 S/CH4 binary permeation data from a 
post-treated DDR membrane for a 3.5 vol% H2 S-96.5 vol% 
CH4 gas mixture at 25, 50, and 75° C. The membrane main-
55 tained stable performance throughout the permeation mea-
surements, totaling approximately 45 hours of online opera-
tion. The permeance of CH4 is essentially identical to that 
measured in the absence ofH2 S (FIG. 8), thereby indicating 
that that the DDR membranes are stable in the presence of 
60 high concentrations ofH2 S. 
Both the H2 S and CH4 permeances increase with increased 
pressure and decrease with increased temperature. H2 S/CH4 
selectivities are within the range of -1.2-1.8 mo! H2 S/mol 
CH4 . These results provide a first confirmation that DDR 
65 membranes exclude H2 S based upon its kinetic diameter 
(-0.37 nm), and that adsorption of H2 S is not sufficient to 
increase its permeance to levels similar to that of C02 . Thus, 
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DDR membranes could be used to separate C02 from natural 
gas mixtures, whereas H2 S remains in the CH4 -rich retentate 
stream for subsequent separation (e.g., by absorption or 
adsorption). 
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e!~ylene, polytetrafluoroethylene, polysulphone, polyimide, 
s1hca, alpha-alumina, ganima-alumina, mullite, zirconia, tita-
nia, yttria, silicon nitride, silicon carbide, iron, bronze and 
stainless steel, glass, and carbon. 
7. The method of claim 1, wherein said porous support is 
tubular a-alumina. 
8. The method of claim 1, wherein said porous support is 
tubular a-alumina having a porosity of 10-50% and a pore 
size of 100-400 nm. 
9. The method of claim 1, wherein said porous support is 
tubular a-alumina having a porosity of30% and a pore size of 
200-300nm. 
10. The method of claim 5, wherein said calcining is at 
700° C. for 8 hours. 
11. The method of claim 5, wherein said PDMS step is with 
2-20 wt % PDMS solution, while a vacuum is applied from 
the inner bore of said tubular a-alumina, followed by heat 
curing. What is claimed is: 
1. A method for preparing DDR membranes on porous 
substrates, said method comprising the steps of: 
a) preparing seed DDR zeolite crystals in a first growth 
solution comprising about 6 ADA:lOO Si02:50 
KF:8000 H20, said seed DDR zeolite crystals having a 
uniform crystal structure and size; 
12. The method of claim 5, wherein said PDMS step is with 
20 5% PDMS in n-heptanes for 5-20 minutes, while a vacuum is 
applied from the inner bore of said tubular a-alumina fol-
lowed by heat curing at about 80° C. for about 4 hours.' 
b) seeding a porous substrate with said seed DDR zeolite 25 
crystals of 200-600 nm; 
c) growing a DDR zeolite membrane by incubation in a 
second growth solution selected from the group consist-
ing of about 6ADA:100 Si02 50 KF:lOOOO H20, about 
6ADA:100Si02:xKF:4000H20, wherex=60-100and 30 
about 9 ADA:lOO Si02:80 KF:4000 H20; 
d) optionally calcining said DDR zeolite membrane; and 
e) optionally sealing any defects in said DDR zeolite mem-
brane by incubation with using a polydimethlysiloxane 
(PDMS) solution under a pressure differential. 
2. The method of claim 1, further comprising washing said 
DDR zeolite membrane. 
3. The method of claim 1, wherein said porous support is 
a-alumina. 
35 
4. The method of claim 1, wherein said calcining is at 40 
500-700° C. for 6-24 hours. 
5. The method of claim 1, wherein said porous support is 
organic or inorganic and has 10-60% porosity and pores of 
200-500nm. 
6. The method of claim 1, wherein said porous support is 45 
selected from the group consisting of polypropylene, poly-
13. A DDR zeolite membrane made by any one of method 
claims 1-10. 
14. A method of separating a small molecule from a mix-
ture of small molecules, said method comprising applying a 
mixture of small molecules selected from C02, CH4, N 2, 0 2, 
C2H4, C2H6 , C3 H6 , C3 H8 to a membrane of claim 11, and 
separating out a small molecule from said mixture. 
15. A method of separating a C02 molecule from a mixture 
of small molecules, said method comprising applying a mix-
ture of small molecules selected from C02, CH4, N2, 0 2, 
C2H4, C2H6 , C3 H6 , C3 H8 to a membrane of claim 11, and 
separating out co2 from said mixture. 
16. The method of claim 1, wherein the second growth 
solution is about 6 ADA:lOO Si02:50 KF:lOOOO H20. 
17. The method of claim 1, wherein the second growth 
solution is about 6 ADA:lOO Si02:x KF:4000 H20, where 
x=60-100. 
18. The method of claim 1, wherein the second growth 
solution is about 9ADA:100 Si02:80 KF:4000 H20. 
19. The method of claim 1, wherein the first growth solu-
tion is at temperature of about 130-160° C., and wherein the 
second growth solution is at temperature of about 150° C. or 
about 160° C. 
* * * * * 
